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Abstract
 .  .The lowest triplet state of a ladder poly p-phenylene MeLPPP has been produced by sensitised energy transfer
following pulse radiolysis of benzene solution, and absorbs at 1.34 eV with a lifetime 0170 ms. An S –T energy0 1
separation of 2.15 " 0.07 eV was determined, in excellent agreement with recent phosphorescence measurements,
confirming the validity of the technique for the determination of the triplet energies of conjugated polymers. At high triplet
 .  .populations intrachain triplet–triplet annihilation TTA , leading to delayed fluorescence DF occurs. The DF spectrum is in
good agreement with the prompt fluorescence and the DF kinetics support a TTA mechanism. q 2000 Elsevier Science B.V.
All rights reserved.
1. Introduction
Although estimates differ on the relative yields of
production of singlet and triplet excited states by
charge recombination in the electroluminescence of
w xconjugated organic polymers 1–4 , it is generally
accepted that triplet state formation is one of the
major causes of efficiency loss in these systems
w xwhen they are used in light emitting devices 5 .
Triplet states are also important for potential applica-
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w xtions of conjugated polymers as lasers 6 , and
knowledge of the energy of the lowest triplet state is
a prerequisite for the design of high efficiency light
emitting devices based on triplet energy capture and
w xtransfer 7 . However, although information on triplet
states in these systems has been obtained by a vari-
ety of techniques, including optically detected mag-
w xnetic resonance 8,9 , photoinduced absorption
w x w x10,11 and photomodulation spectroscopy 12 , only
in the case of the ladder-type methyl-substituted
 .  .poly p-phenylene , MeLPPP Fig. 1 has unambigu-
ous evidence been presented for phosphorescence in
w xa conjugated organic polymer 13 . A previous report
 .of phosphorescence from poly 3-hexylthiophene
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 .Fig. 1. Transient absorption spectra observed at various times 25, 50, 100, 150 and 250 ms following pulse radiolysis of an argon saturated
 .  .solution of MeLPPP 40 mgrl in benzene in the presence of biphenyl 0.01 M . The structure of MeLPPP is shown in the inset, R1s
 .n-C H and R2 s 1,4– C H –n-C H .6 13 6 4 10 21
w x w x14 , has been questioned 13 , and the existence of
 .phosphorescence from poly thiophenes , or other
polymers, awaits confirmation.
Triplet–triplet energy transfer following pulse ra-
 .diolysis of solutes S in aromatic solvents, such as
 .benzene Bz , in the presence of appropriate energy
 .acceptors A is an excellent technique for selective
w xcreation and study of excited triplet states 15,16 .
The general reactions scheme is
Bzqe)ß1Bz) q3Bz) qe)
1Bz)™3Bz)
3Bz) qA™Bzq3A)
3A) qS™Aq3S)
w x w x w xwhere Bz 4 A 4 S
We have previously shown that this technique can
be applied to study the triplet states of conjugated
w xorganic polymers in solution 6,17 . In addition to its
use in obtaining spectral and kinetic information, it is
 .possible, by varying the triplet energy of A, to
determine the S –T separation in the conjugated0 1
polymer. We have used this method to estimate the
triplet energies of a wide range of some of the most
commonly used conjugated organic polymer
w x6,17,18 . Triplet–triplet energy transfer following
photoexcitation has also been used to determine the
 . w xtriplet energy of a poly aryleneethynylene 19 .
Triplet–triplet energy transfer is subject to both
w x w xenergetic 20,21 and kinetic 22 restraints, and it is
important to compare results on triplet energies ob-
tained using this technique with absolute data from
phosphorescence measurements to confirm the valid-
ity of the method. We have, therefore, applied the
method to MeLPPP, whose S –T energy separation0 1
has previously been determined to be 2.05 eV by
phosphorescence from thin films of the polymer at
w x77 K 13 .
2. Experimental details
The synthesis and purification of MeLPPP have
w xpreviously been reported 23,24 . The polymer had a
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molecular weight M f6.9=104 and a polydisper-n
sity ca. 2.8. Pulse radiolysis experiments were car-
ried out at the Free Radical Research Facility of the
Paterson Institute for Cancer Research Manchester,
.UK using, typically 50 ns, ca. 7.5 Gray pulses from
a 10 MeV electron linear accelerator. Transient ab-
sorption difference spectra were obtained using a
Xenon source and gated diode array or photomulti-
plier for detection. General details have been re-
w xported elsewhere 17,25 .
3. Results and discussion
Following pulse radiolysis of argon saturated so-
 .  .lutions of biphenyl 0.01 M and MeLPPP 40 mgrl
in benzene, an initial transient absorption, due to
w xthe biphenyl triplet state 15,16,26 , was observed
at 360 nm. This was seen to decay, and to be re-
placed with the grow-in of a new absorption at
 .925 nm 1.34 eV , assigned to the MeLPPP tri-
 .plet state Fig. 1 . Vardeny and co-workers
w x12,27 have reported a triplet–triplet absorption in
 .thin films for a similar poly p-phenylene at 1.3 eV
using photomodulation spectroscopy. The triplet state
was seen to decay by good first-order kinetics with a
lifetime t0170 ms
 .In the presence of 0.4% O 35 mM ,2
the decay of the transient absorption at 1.35 eV in
 .biphenyl 0.01 M , benzene solutions, was faster, in
agreement with assignment to the 3MeLPPP) state.
Assuming that the quenching by oxygen follows
pseudo first-order kinetics, a rate constant for bi-
molecular recombination of ks7=108 My1 sy1
was determined for this reaction. This is slightly
slower than the rate of O quenching of poly p-2
. w xphenylenevinylene triplet states 17,28 , but is within
the range typically observed for quenching aromatic
triplet states by molecular oxygen. Quenching in
these systems can lead to the formation of singlet
oxygen via the energy transfer reaction
3S) qO 3 Sy ™Sq1O) 1D /  /2 g 2 g
and the singlet oxygen detected by its phospho-
rescence at 1270 nm. Following irradiation of an
aerated solution of MeLPPP in benzene with a fre-
 .quency tripled pulse 355 nm from a Nd:YAG laser,
emission was observed at 1270 nm, confirming that
3MeLPPP) does indeed sensitise the generation of
singlet oxygen. This decayed with a lifetime ts29
"2 ms, in reasonable agreement with the reported
 w x.lifetime for singlet oxygen in benzene 32 ms 29 .
The quantum yield of singlet oxygen formation was
w xdetermined as described elsewhere 30 by compari-
son of the initial emission intensity for optically
matched solutions at the excitation wavelength A 355
.s 0.5 with a standard. 1H Phenalen-1-one was
w xused as standard, taking F s0.93 in benzene 31 .D
Although the plot of singlet oxygen phosphorescence
intensity as a function of laser power was not linear,
and tends to plateau at high laser intensities, it was
possible to estimate from the initial slope a singlet
oxygen yield 0.085 " 0.018 for singlet oxygen
production sensitised by MeLPPP in benzene solu-
tion. The reason for the non-linearity of the phospho-
rescence as a function of excitation dose is not
completely clear, but is probably associated with
other triplet deactivation pathways, such as triplet–
triplet annihilation, occurring at high intra-chain
triplet densities. This will be discussed later. As with
w xPPV based polymers 17,28 , singlet oxygen reac-
tions are likely to be important in the degradation of
ladder type p-phenylene polymers in non-encapsu-
lated devices. This value of the singlet oxygen yield
also gives a lower limit for the S –T intersystem1 1
crossing in photoexcited MeLPPP in benzene solu-
tions.
The fact that molecular oxygen quenches the
MeLPPP triplet state, produced by energy transfer
from biphenyl, indicates that it has an energy be-
1 w x.tween singlet oxygen D , 0.94 eV 26 and tripletg
 w x.biphenyl 2.84 eV 26 . To determine the energy
more accurately, a variety of sensitisers were used to
transfer the energy to MeLPPP on pulse radiolysis of
argon saturated benzene solutions. It was found that
 .while fluorenone 2.19 eV and sensitisers with
 .higher triplet energies transfer triplet energy effi-
ciently, only very low yields of the MeLPPP triplet
state could be produced by pyrene sensitisation, while
compounds with lower energy triplet states did not
transfer energy to the polymer. We can, thus, esti-
mate the triplet energy of MeLPPP in benzene solu-
tion as 2.15 " 0.07 eV. The value reported from
phosphorescence measurements for MeLPPP in thin
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w xfilms at 77 K is 2.05 eV 13 . Considering that
differences of around 100 meV exist between singlet
w xenergies of these polymers in solution and films 6 ,
the agreement between the two techniques is excel-
lent, and confirms the validity of the pulse radioly-
sis-energy transfer technique for determining triplet
energies of conjugated organic polymers.
Under the conditions used in our pulse radiolysis
experiments, it is likely that there is more than one
triplet state per polymer chain. We have previously
w x  .shown 32 that delayed fluorescence DF , resulting
 .from triplet–triplet T–T annihilation, can be ob-
served in such systems. DF via T–T annihilation has
previously been inferred from observations following
photoexcitation of films or frozen solutions of
 . poly p-phenylenevinylene or poly p-phenylen-
. w xethynylene 33 . However, time resolved measure-
ments clearly show that for direct optical excitation,
w xDF arises from charge state recombination 13 .
Following pulse radiolysis of argon saturated so-
 .  .lutions of MeLPPP 10 mgrl and biphenyl 0.01 M
in benzene, an emission in the 2.8–2.2 eV region
was seen to grow-in within 10 ms and to decay over
ca. 150 ms. The time dependent DF spectrum, cor-
rected for the response of the detection system, is
shown in Fig. 2, and is in excellent agreement with
the reported prompt fluorescence spectra of MeLPPP
w x1,13,34 . Delayed fluorescence from charge carrier
recombination has previously been observed with
w xfilms of these ladder polymers 1,34 , and also show
a second broad feature in the 2.25–2.1 eV region
assigned to an excimer-like emission. This broad
emission was absent in our measurements. This is
reasonable, since at the concentrations used in the
 y7pulse radiolysis experiments f2=10 M poly-
.mer we are dealing, effectively, with isolated poly-
w xmer chains 32 , whereas in the films there are
greater possibilities for inter-chain interactions. We
 . Fig. 2. Delayed fluorescence DF spectra, corrected for the sensitivity of the detection system, observed at various times 18, 40, 60,
.  .  .80,100,120 and 160 ms after excitation of argon saturated solutions of MeLPPP 10 mgrl , biphenyl 0.01 M in benzene with ca. 7.5 Gray
electron-beam pulses from a linear accelerator. The inset shows the decay kinetics of the DF signal measured at 2.56 eV.
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looked unsuccessfully for phosphorescence follow-
ing pulse radiolysis of solutions at room temperature,
see the spectral region below 2.2 eV in Fig. 1.
Again, this negative result is not surprising, as even
at low temperature the phosphorescence yield is low,
and decreases even more upon increasing tempera-
w xture 13 . If there is any phosphorescence in these
systems, it is below the limits of our detection
system.
The time dependence of the DF was monitored as
a function of the radiation dose, and follow similar
behaviour to the other conjugated polymers we have
w xstudied 32 . In particular, the rate of DF decay
increases with dose, as expected for bimolecular
T–T. For example, the lifetime decreases from ca 42
ms to 13 ms on increasing the dose from ca 15 to 27
Grays
As already stated, in addition to T–T annihilation,
an alternative mechanism for DF, involving charge
recombination of geminate charge pairs, has been
suggested for the emission observed on photoexcita-
w xtion of films of MeLPPP 1,34 . While it is generally
difficult to differentiate between the triplet–triplet
annihilation and charge recombination mechanisms
w xfor DF 1 , we believe our kinetic data is more
consistent with the T–T annihilation mechanism.
Pulse radiolysis experiments in chloroform and tetra-
hydrofuran show that the positive and negative charge
carriers derived from MeLPPP have an absorption
 .band at 650 nm 1.9 eV with a weaker feature at
 . w x590 nm 2.1 eV 35 . The spectrum observed on
pulse radiolysis of solutions of MeLPPP in benzene
 .in the presence of biphenyl Fig. 1 does show weak
absorption at 1.9 eV, however the decay of this
feature parallels that of the main triplet absorption at
1.34 eV suggesting that it too is associated with the
T–T absorption. The T–T mechanism is likely to be
favoured in our system by the high density of triplet
states on the isolated polymer chains, and the fact
that there are effectively no inter-chain interactions.
w xIf we assume that triplets move by hopping 32 ,
and that the MeLPPP is a rigid rod, from the ob-
served delayed fluorescence decay we can estimate
an order of magnitude for the triplet hopping rate of
105–106 nm sy1. More detailed studies are in
progress to quantify the kinetics of intra-chain triplet
hopping and T–T annihilation on isolated chains of
conjugated polymers
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